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Functional Identification
of a Goldfish Odorant Receptor
Other olfactory G protein±coupled receptors unre-
lated to the receptor gene family first described by Buck
and Axel (1991) have been identified in the vomeronasal
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*Department of Molecular and Cell Biology organ (VNO) of mammals (Dulac and Axel, 1995; Herrada
and Dulac, 1997; Matsunami and Buck, 1997; Ryba andDivision of Neurobiology
University of California, Berkeley Tirindelli, 1997). The VNO is a specialization of the pe-
ripheral olfactory system in higher vertebrates that re-Berkeley, California 94720
²Department of Fisheries and Wildlife ceives nonvolatile pheromonal and nonpheromonal cues
(Halpern, 1987). The VNO receptors are encoded by twoUniversity of Minnesota
St. Paul, Minnesota 55108 unrelated gene families: the VNR family (Dulac and Axel,
1995) and the V2R family (Herrada and Dulac, 1997;
Matsunami and Buck, 1997; Ryba and Tirindelli, 1997);
the V2R receptors are structurally related to the calcium-Summary
sensing receptor (CaSR; Hebert and Brown, 1995) and
metabotropic glutamate receptor (mGluR; Tanabe et al.,The vertebrate olfactory system utilizes odorant re-
ceptors to receive and discriminate thousands of dif- 1992) families. While it has been proposed that the VNR
and V2R receptors are pheromone receptors, the actualferent chemical stimuli. An understanding of how these
receptors encode information about an odorant's mo- function of these orphan receptors awaits a direct dem-
onstration of their molecular specificities.lecular structure requires a characterization of their
ligand specificities. We employed an expression clon- As an approach toward identifying ligands for olfac-
tory receptors, we have pursued an expression cloninging strategy to identify a goldfish odorant receptor that
is activated by amino acidsÐpotent odorants for fish. strategy using the goldfish as a model system. The odor-
ants that fish detect are water soluble and include aminoStructure±activity analysis indicates that the receptor
is preferentially tuned to recognize basic amino acids. acids (feeding cues), bile acids (nonreproductive social
cues with possible roles in migration), and sex steroidsThe receptor is a member of a multigene family of G
protein±coupled receptors, sharing sequence similari- and prostaglandins (sex pheromonal cues) (reviewed by
Hara, 1994; Sorensen and Caprio, 1998). Electrophysio-ties with the calcium sensing, metabotropic gluta-
mate, and V2R class of vomeronasal receptors. The logical studies have characterized the sensitivities of
fish olfactory systems to specific ligands, demonstrat-ligand tuning properties of the goldfish amino acid
odorant receptor provide information for unraveling ing, for example, thresholds for detection in the picomo-
lar (for sex steroids) to nanomolar (for amino acids) rangethe molecular mechanisms underlying olfactory coding.
(Hara, 1994). Thus, the defined properties of odorant-
evoked pathways in vivo provide an excellent startingIntroduction
point for the molecular and biochemical characterization
of fish odorant receptors.The detection and discrimination of the multitude of
In this paper, we describe the expression cloning ofenvironmental stimuli by the vertebrate olfactory system
a cDNA encoding a goldfish odorant receptor preferen-results from the activation of olfactory neurons in the
tially tuned to recognize basic amino acids. This cDNAnose (reviewed by Shepherd, 1994; Buck, 1996). The
encodes a G protein±coupled receptor that shares sig-first step in olfactory processing resides at the level of
nificant similarity to receptor families that include thethe interaction of odorous ligands with odorant recep-
CaSR, mGluR, and V2R class of VNO receptors. Degen-tors. A large multigene family thought to encode odorant
erate polymerase chain reaction (PCR) reveals other re-receptors was initially identified in the rat (Buck and
lated sequences that are expressed in the goldfish olfac-Axel, 1991). These receptors are predicted to exhibit a
tory epithelium. Our results indicate that these olfactoryseven transmembrane domain topology characteristic
receptors comprise a family of odorant receptors. Inof the superfamily of G protein±coupled receptors. The
addition, the characteristics of the goldfish amino acidsizes of the receptor repertoires of different vertebrate
odorant receptor provide insights into the mechanismsspecies are extremely large and are estimated to contain
of information coding in the vertebrate olfactory system.between 100 and 1000 individual genes (Buck, 1996).
These observations suggest that olfactory discrimina-
tion is accomplished by the integration of signals from Results
a large number of specific receptors, each capable of
binding only a small number of structurally related odor- Expression Cloning of a Goldfish Odorant Receptor
Previous studies have demonstrated that odorant-evokedants. Consistent with this model, it has been shown that
a rat odorant receptor can be activated by 7 to 10 carbon excitatory signaling in mammalian olfactory neurons is
mediated exclusively by the intracellular second mes-n-aliphatic aldehydes (Zhao et al., 1997; see also
Krautwurst et al., 1998). senger, cAMP (Brunet et al., 1996). However, in vitro
biochemical studies have suggested that stimulation of
phosphatidyl inositol (PI) turnover, resulting in the pro-³ To whom correspondence should be addressed (e-mail: jngai@
socrates.berkeley.edu). duction of the second messengers diacylglycerol and
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Figure 1. Expression Cloning and Response
Properties of a Goldfish Amino Acid Odorant
Receptor
Receptor activated ionic currents were as-
sayed in Xenopus oocytes by two-electrode
voltage clamping at a holding potential of
280 mV. Bar in (C) provides calibration for
traces in (A±C); bar in (D) provides calibration
for traces in that panel.
(A) Activation of GIRK in oocytes expressing a
dopamine D1 receptor. Oocytes were injected
with cRNAs encoding Gaolf, GIRK subunits,
and cRNA transcribed from a pool of 1000
goldfish olfactory cDNAs (z40 ng total cRNA)
with (1 DA receptor) or without (2 DA recep-
tor) 40 pg cRNA encoding the dopamine D1
receptor (Zhou et al., 1990). Oocytes were
switched from Na-MBSH to a high K1 buffer
(K-MBSH; thick bars above traces) to elicit
the GIRK-mediated inward current. Applica-
tion of 10 mM dopamine (DA, thin bars) specif-
ically increased the inward K1 current in oo-
cytes expressing the dopamine D1 receptor.
(B) A goldfish olfactory cDNA pool directs a
response to amino acid stimuli. Oocytes were
injected with cRNA transcribed from cDNA
library pools, together with cRNAs encoding
Gaolf and GIRK subunits. Mixtures of odorant
stimuli (AA/BA, amino acids and bile acids;
PG/ST, prostaglandins and sex steroids; BA,
bile acids; AA, amino acids [see Experimental
Procedures]) were applied (thin bars) after
switching into high K1 buffer (thick bars).
Odorant cocktails do not elicit a response in
oocytes injected with cRNA from a negative
pool (upper left trace). However, oocytes in-
jected with cRNA from pool 19 show robust
responses to amino acids, but not to bile
acids, prostaglandins, or sex steroids (re-
maining traces).
(C) Pool 19 requires neither GIRK nor Gaolf
to direct amino acid responses in oocytes. Amino acid stimulation of oocytes injected with pool 19 cRNA produces inward currents in the
absence of GIRK cRNAs (left) or in the absence of GIRK and Gaolf cRNAs (right).
(D) Ligand activation properties of a goldfish amino acid odorant receptor. The cDNA clone encoding the amino acid receptor (designated
receptor 5.24) was isolated from pool 19 by sib selection and assayed in Xenopus oocytes in the absence of GIRK and Gaolf. In each pair of
traces, the same oocyte was challenged with two different compounds with a minimum interval of 5 min between agonist applications.
Arrowheads in the fourth pair of traces indicate switching artifacts.
inositol 1,4,5-trisphosphate (IP3), may mediate olfactory acids, or sex pheromones (see Experimental Proce-
dures). Oocytes injected with RNA from one pool, poolsignaling in fish (Huque and Bruch, 1986; Restrepo et
al., 1993). Thus, for expression cloning of fish odorant 19, demonstrated a robust response to amino acids,
but not to bile acids or sex pheromones (Figure 1B).receptors we utilized a Xenopus oocyte expression sys-
tem (Lim et al., 1995) capable of detecting activation of Responses to amino acids were observed in oocytes
injected with pool 19 RNA without Gaolf or GIRK RNAsmultiple signaling pathways by coexpressing Gaolf (a
Gas-like isoform enriched in olfactory cilia; Jones and (Figure 1C), suggesting that the receptor contained in
this pool activates a phospholipase-mediated pathwayReed, 1989) and G protein-gated inwardly rectifying po-
tassium channels (GIRKs), together with candidate re- (Masu et al., 1987; see below and Figure 2D).
Iterative subdivision of pool 19 by sib selection al-ceptors. Activation of Gai or Gas-like G protein alpha
subunits leads to gating of GIRK by free G protein bg lowed the isolation of a single clone encoding a receptor,
designated receptor 5.24. Receptor 5.24 responds bestsubunits. We found that oocytes injected with 1000-fold
diluted dopamine D1 receptor RNA together with Gaolf to basic L-amino acids, showing roughly equivalent cur-
rents upon activation by arginine and lysine, smallerand GIRK RNAs gave robust agonist-dependent cur-
rents (Figure 1A). Thus, a pool of z1000 cDNA clones responses to neutral aliphatic L-amino acids (e.g., me-
thionine, isoleucine, threonine, serine, alanine) and littlecontaining a single receptor cDNA could still give rise
to a detectable signal when assayed in this system. or no response to acidic and aromatic L-amino acids (e.g.,
glutamate, aspartate, tyrosine, phenylalanine, tryptophan,RNA was synthesized from pools of goldfish olfactory
cDNA clones and injected into Xenopus oocytes to- histidine); the receptor is not activated by D-arginine (all
amino acids referred to hereafter are L-isomers unlessgether with synthetic RNAs encoding GIRK and Gaolf.
Oocytes were then screened for responses upon expo- stated otherwise). Representative traces are shown in
Figure 1D.sure to odorant cocktails containing amino acids, bile
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Figure 2. Properties of the Goldfish Amino
Acid Odorant Receptor Expressed in Mam-
malian Cells
(A) Saturation analysis of [3H]L-arginine bind-
ing to membranes prepared from HEK 293
cells transiently transfected with receptor 5.24
or a control plasmid. Data represent specific
binding (defined as the amount of [3H]L-argi-
nine bound in the absence of added unlabeled
L-arginine (total binding) minus the amount
of [3H]L-arginine bound in the presence of 500
nM L-arginine [nonspecific binding]). Each
point is the mean 6 SEM of triplicate mea-
surements; these data are representative of
six independent experiments. Specific binding
of [3H]L arginine in receptor 5.24±expressing
membranes was saturable up to 1 mM [3H]L
arginine, but at higher concentrations, a sec-
ond, nonsaturable site was evident in both
receptor 5.24±expressing and control mem-
branes (data not shown).
(B) Scatchard analysis of [3H]L-arginine bind-
ing to receptor 5.24. Specific binding of [3H]L-
arginine to membranes expressing receptor
5.24 minus the specific binding of [3H]L-argi-
nine to membranes from vector-transfected
cells was replotted as bound/free ligand ver-
sus the concentration of bound ligand. In this
particular experiment, KD 5 52 nM and Rt 5
0.45 pmol L-arginine binding sites/mg mem-
brane protein.
(C) Binding affinity of receptor 5.24 for compounds as determined by [3H]L-arginine displacement assays. Membranes from a cell line stably
expressing receptor 5.24 (5.24±20) were incubated in the presence of 500 nM [3H]L-arginine and increasing concentrations of competitor
ligands. Each data point represents the mean 6 SEM of triplicate samples. B/Bmax is defined as the specific binding of [3H]L-arginine at a
particular competitor concentration divided by the specific binding of [3H]L-arginine in the absence of competitor.
(D) Effect of L-arginine on PI turnover in receptor 5.24±expressing and control HEK 293 cells. Cell lines 5.24±20 and 2.2±9 (control) were
exposed to increasing concentrations of L-arginine and IP3 levels were measured. Data represent the fold-stimulation (mean 6 SEM for
triplicate wells) and are representative of three independent experiments. Basal IP3 levels were 5.2 6 0.8 pmol IP3/well for 5.24±20 cells and
7.3 pmol 6 0.6 IP3/well for 2.2±9 cells.
High-Affinity Binding of L-Arginine to the Cloned Structure±Activity Properties of Compounds
Interacting with the Goldfish AminoGoldfish Odorant Receptor
To determine the affinity of the cloned goldfish amino Acid Odorant Receptor
An understanding of how odorant receptors are usedacid receptor for arginine, we characterized the ligand±
receptor interaction by radiolabeled ligand binding to to encode olfactory information requires a characteriza-
tion of the odorant specificities of individual receptorreceptors expressed in human embryonic kidney (HEK)
293 cells. Membranes prepared from receptor 5.24± types. We therefore determined the affinity of receptor
5.24 for structurally related ligands by using a [3H]argi-expressing cells exhibit saturable binding at concentra-
tions of up to 1 mM [3H]arginine, and the extent of ligand nine displacement assay (Figure 2C). While these assays
do not give information regarding whether a compoundbinding is significantly higher than with membranes from
control cells (Figure 2A). The receptor exhibits a single functions as an agonist or antagonist, they do nonethe-
less allow insight into the molecular specificity of thebinding site (Hill coefficient 5 0.95 6 0.07 [mean 6 SEM],
n 5 4 determinations) with a dissociation constant (KD) receptor. Consistent with their profiles of receptor 5.24
activation in Xenopus oocytes, arginine and lysine dis-of 121 6 33 nM arginine (mean 6 SEM, n 5 4; range:
52±207 nM; Figure 2B). We next wished to determine place [3H]arginine binding with similar concentration de-
pendencies, showing half-maximal inhibition (IC50) atwhat second messenger pathway receptor 5.24 couples
to in HEK 293 cells. Cells were exposed to varying con- z0.3 and z0.5 mM, respectively (corresponding to inhi-
bition constants or Ki's of 80 and 90 nM; see Table 1).centrations of arginine and assayed for the accumula-
tion of IP3 and cAMP. Arginine elicits a specific increase Glutamate, which does not appear to activate receptor
5.24 expressed in Xenopus oocytes (Figure 1D), dis-in IP3 in receptor 5.24±expressing cells in a dose-depen-
dent manner (Figure 2D). By way of contrast, arginine places [3H]arginine approximately 80-fold less well than
either unlabeled arginine or lysine (IC50 5 z20 mM; Ki 5at 0.1 mM or 10 mM does not cause a detectable change
in cAMP levels in these cells, even though activation 6.7 mM).
We performed competition binding studies similar toof b adrenergic receptors (expressed endogenously by
HEK 293 cells) leads to increased cAMP accumulation those shown in Figure 2C for 20 amino acids as well as
amino acid analogs and neurotransmitters (Tables 1 and(data not shown). These results indicate that, as in Xeno-
pus oocytes, receptor 5.24 preferentially stimulates PI 2). A number of trends are noteworthy. First, receptor
5.24 is tuned to recognize amino acids containing basicturnover in HEK 293 cells.
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and Buck, 1997; Ryba and Tirindelli, 1997), and a familyTable 1. Binding Affinity of the Receptor for Amino Acids
of olfactory CaSR- and V2R-related receptors found in
AMINO ACID Ki (mM) the puffer fish fugu (Naito et al., 1998) and goldfish (Cao
Basic side chain et al., 1998). Receptor 5.24 shares between 25% and
L-arginine 0.08 33% amino acid sequence identity with the mammalian
L-lysine 0.09 and fugu receptors, showing a somewhat greater degree
Sulfur-containing side chain of similarity with the human and fugu CaSR sequences.
L-cysteine 0.53
In spite of this weak homology to the CaSR and mGluRL-methionine 0.81
sequences, receptor 5.24 is not activated by calcium orAmide side chain
L-glutamine 0.32 glutamate (Figure 1D).
L-asparagine 2.1 Cao et al. (1998) have identified members of a family
Acidic side chain of CaSR-like receptors that are specifically expressed
L-glutamate 6.7 in the goldfish olfactory epithelium. To identify additional
L-aspartate 27
sequences in this receptor gene family, we performedLong aliphatic side chain
PCR on goldfish olfactory cDNA using degenerate prim-L-isoleucine 2.2
L-leucine 4.4 ers based on motifs conserved among the N-terminal
L-valine 6.2 regions of receptor 5.24, CaSR, mGluR, and V2R se-
Short aliphatic side chain quences. Subcloning and sequencing of the resulting
L-serine 2.8 PCR products revealed numerous CaSR-like sequences
L-threonine 3.2
that can be grouped into five distinct subfamilies (seeL-glycine 3.9
Figures 4A and 4B). Within this portion of the N-terminalL-alanine 5.6
L-proline 58 domain, the goldfish CaSR-like olfactory receptor sub-
Aromatic side chain families exhibit between 20% and 43% amino acid iden-
L-tryptophan 4.1 tity. Receptor 5.24 is the most divergent member of the
L-phenylalanine 5.8 group of receptors identified thus far, showing 20% to
L-histidine 13
27% similarity with the other sequences in this region.L-tyrosine 16
Binding affinity (Ki) was determined by the ability of the individual Expression Patterns of Goldfish Olfactoryamino acids to displace [3H]L-arginine binding from membranes
CaSR-like Receptorsprepared from HEK 293 cells expressing receptor 5.24.
RNA blot analysis reveals that receptor 5.24 mRNA is
expressed in olfactory epithelium but not in brain, kid-
ney, liver, muscle, ovary, intestine (Figure 5), or testisR group side chains; of the 20 amino acids tested, argi-
nine and lysine display the highest affinities. Neutral (data not shown). The receptor 5.24 probe also detects
at high stringency an mRNA in skin from the trunk, gill,aliphatic amino acids show z5- to z75-fold lower affini-
ties, and acidic amino acids display z80- to z300-fold lips, tongue, and palatal organ (Figure 5). Similar RNA
blot analyses with probes for receptor 5.3 and receptorlower affinities for the receptor than basic amino acids.
Second, no specific interactions could be detected for 3.13 indicate that these genes are expressed exclusively
in olfactory epithelium (data not shown).the amino acid neurotransmitters g-amino butyric acid
(GABA), carnosine, or taurine (Ki . 1 mM), which are RNA in situ hybridizations were performed to deter-
mine the expression patterns of the goldfish olfactorypresent in the peripheral olfactory system (Nicoll, 1971;
Collins, 1974; Margolis, 1974). Third, specificity is based CaSR-like sequences in the olfactory epithelium. Fig-
ures 6A and 6B show a tissue section hybridized within part on the R group's carbon backbone length, as
illustrated by comparing lysine (Ki 5 0.09 mM) versus an 35S-labeled antisense RNA probe corresponding to
the N-terminal extracellular domain of receptor 5.24.ornithine (Ki 5 1.0 mM; backbone shorter than lysine's
by one carbon) and arginine (Ki 5 0.08 mM) versus homo- This is the most divergent region of this class of receptor
and, therefore, is expected to anneal only to receptorarginine (Ki 5 1.6 mM; backbone longer than arginine's
by one carbon). Finally, the a-carboxylic acid moiety is 5.24 under the stringent conditions of hybridization used
in these experiments (see Experimental Procedures). Ascritical for receptor binding, as agmatine and cadaverine
(decarboxylated analogs of arginine and lysine, respec- shown in Figure 6A, receptor 5.24 mRNA is expressed
widely over the apical and medial portions of the olfac-tively) show essentially no binding to receptor 5.24 (Ki .
1 mM, or greater than 10,000 times the KD for arginine tory sensory epitheliumÐregions that contain the olfac-
tory sensory neurons (see below). In situ hybridizationsor lysine; see also Figure 2C).
using a digoxigenin-labeled probe confirm that receptor
5.24 is expressed in a large fraction of cells in the neu-The Goldfish Amino Acid Odorant Receptor Belongs
to a Family of CaSR-like Receptors ronal layers of the sensory epithelium (Figures 6C and
6D). These observations are consistent with electro-The sequence of the receptor 5.24 cDNA predicts a
protein with seven membrane spanning regions pre- physiological recordings that suggest that roughly half
of the olfactory neurons in fish can respond to aminoceded by a 566 amino acid N-terminal extracellular do-
main (Figure 3). Receptor 5.24 exhibits significant simi- acid stimuli (Kang and Caprio, 1995; Nevitt and Dittman,
1999; see Discussion). In situ hybridizations using alarity to other G protein±coupled receptors, including
the CaSR (Hebert and Brown, 1995), the family of mGluR probe for receptor 5.3, another CaSR-like olfactory re-
ceptor, indicate that this mRNA is also localized to areceptors (Tanabe et al., 1992), the family of vomerona-
sal V2R receptors (Herrada and Dulac, 1997; Matsunami large subset of cells (Figure 6E). In contrast to the broad
Goldfish Odorant Receptors
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Table 2. Binding Affinity of the Receptor for Amino Acid Derivatives and Neurotransmitters
Binding affinity (Ki) was determined by the ability of the indicated compound to displace [3H]L-arginine binding from membranes prepared
from HEK 293 cells expressing receptor 5.24.
patterns of receptor 5.24 and receptor 5.3 expression, The expression of receptor 5.24 mRNA in external
other CaSR-like receptors are expressed in punctate epithelia (Figure 5) raises the question as to whether
patterns within the olfactory epithelium. Probes for re- this receptor might be playing a chemosensory function
ceptor 3.13, receptor 9, and receptor 10 subfamily mem- outside of the olfactory system. These epithelia contain
bers hybridize to a small subset of cells (z1%±5% each). both taste buds as well as solitary chemosensory cells;
A micrograph from a representative in situ hybridization both of these systems are sensitive to amino acid stimuli
performed with a receptor 3.13±specific probe is shown in fish (Sorensen and Caprio, 1998). We therefore per-
in Figure 6G. formed in situ hybridizations on gill rakersÐnonrespi-
Cells expressing the goldfish CaSR-like receptors lo- ratory structures associated with the gill arches that
calize more apically than we typically observe for neu- contain taste buds and solitary chemosensory cellsÐto
rons expressing the olfactory cyclic nucleotide±gated determine whether receptor 5.24 mRNA is indeed ex-
(CNG) ion channel (Goulding et al., 1992) or odorant pressed in nonolfactory chemosensory systems. As
receptors belonging to the family originally described shown in Figure 7, receptor 5.24 mRNA is expressed
by Buck and Axel (1991) (compare Figures 6A, 6C, 6E, widely in the surface epithelium but is distinctly ex-
and 6G with Figures 6F and 6H). The fish olfactory epi- cluded from taste buds. In addition, the cells expressing
thelium contains two major classes of sensory cells, the
this mRNA are far too numerous to be accounted for
ciliated and microvillous neurons, that are segregated
solely by the solitary chemosensory cells, which arealong the apical±basal axis (Yamamoto, 1982). The mi-
relatively rare and dispersed in the epithelium (Sorensencrovillous cells reside in the apical portion of the epithe-
and Caprio, 1998). Our results therefore argue againstlium in a zone above and distinct from the ciliated neu-
a role for receptor 5.24 in nonolfactory chemosensoryrons, whose cell bodies lie medially. Previous studies
transduction. These findings parallel similar observa-have shown that the class of receptors originally de-
tions that showed that specific members of the familyscribed by Buck and Axel (1991), as well as the CNG
of odorant receptors first identified by Buck and Axelchannel, are expressed in the medially disposed ciliated
(1991) are expressed in nonsensory cells of the tongueolfactory neurons in fish (Goulding et al., 1992; Ngai et
epithelium (Abe et al., 1993). The biological significanceal., 1993a, 1993b). Thus, the goldfish CaSR-like recep-
of odorant receptor gene expression in nonolfactorytors are probably expressed in microvillous olfactory
neurons (see also Cao et al., 1998). tissues remains an enigma.
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Figure 3. The Goldfish Amino Acid Odorant Receptor Shows Sequence Similarities to Previously Identified G Protein±Coupled Receptors
The deduced protein sequence of the receptor 5.24 cDNA was aligned to other G protein±coupled receptors. A BLAST search using receptor
5.24 was performed to identify the most closely related members of the CaSR, mGluR, V2R, and Fugu CaSR-like olfactory receptor gene
families. Alignment of receptor 5.24 with these sequences (human CaSR [Garrett et al., 1995], Fugu Ca02.1 [Naito et al., 1998], mouse V2R2
[Ryba and Tirindelli, 1997], and rat mGluR1 [Masu et al., 1991]) was performed by Clustal W analysis. Bars and Roman numerals indicate the
seven predicted transmembrane regions. The two arrows flanking a portion of the N-terminal extracellular domain show the region corresponding
to other sequences obtained by degenerate PCR on goldfish olfactory cDNA (Figure 4). Amino acid positions are noted at the end of each
line. The CaSR and mGluR1 sequences contain long C-terminal tails that were omitted from this figure; the numbers in parentheses next to
the last residues shown indicate the total number of residues in each of these receptors.
Discussion for identifying vertebrate odorant receptors. This tech-
nique detects the activation of multiple G protein path-
ways and, in theory, could facilitate the cloning of anyAn Olfactory CaSR-like Receptor
Is an Odorant Receptor G protein coupled receptor for which specific agonists
are available. Using this approach, we isolated fromWe have developed a general method for expression
cloning novel G protein±coupled receptors as a strategy the goldfish olfactory epithelium a cDNA encoding a
Goldfish Odorant Receptors
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Figure 4. Multiple CaSR-like Receptors Are Expressed in the Goldfish Olfactory Epithelium
PCR using degenerate primers based on receptor 5.24, CaSR, mGluR, and V2R sequences was performed on goldfish olfactory cDNA to
identify additional receptor sequences.
(A) Four representative sequences are shown aligned to the corresponding regions of receptor 5.24 as well as two full-length receptor cDNAs,
GFB1 and GFB8, identified by Cao et al. (1998). Numbers at the right of the figure refer to amino acid positions in the full-length receptor 5.24
protein sequence.
(B) Relationships of the cloned goldfish CaSR-like olfactory receptors are illustrated in this sequence dendogram. Numbers indicate evolutionary
distances between sequences in arbitrary phylogenetic units.
receptor that is activated by amino acid odorants. Char- length. The observed affinity of this cloned receptor
agrees well with the in vivo threshold sensitivities of theacterization of this receptor, receptor 5.24, reveals that
it is preferentially activated by arginine and lysine and goldfish olfactory system to arginine (z1 nM; L. Hanson
and P. W. S., unpublished data; see also Hara, 1994).interacts with these compounds with high affinity (KD 5
z100 nM). Other amino acids bind to receptor 5.24 with It has been suggested that amino acid odorant stimuli
are transduced by phospholipase-mediated pathwayslower affinity; parameters affecting binding include the
structure and/or charge of the amino acid side chain's in fish (Huque and Bruch, 1986; Restrepo et al., 1993).
Consistent with these observations, we find that odorantterminal functional moiety as well as its backbone
Neuron
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Figure 5. RNA Blot Analysis of Receptor 5.24 Expression in Goldfish
Tissues
An RNA blot was prepared with poly (A)-enriched RNA from goldfish
tissues and probed with 32P-labeled antisense RNA probes for re-
ceptor 5.24 (upper panel) or b-actin (lower panel). A z3 kb receptor
5.24 RNA is expressed specifically in the olfactory epithelium as
well as in external epithelial structures (skin, gill, lips, tongue, and
palatal organ).
activation of the cloned goldfish amino acid receptor
leads to increased PI turnover in Xenopus oocytes as
well as in mammalian cells; no coupling to Gas-like path-
ways is observed. It is therefore likely that the goldfish
amino acid odorant receptor, and perhaps all olfactory
CaSR receptors, stimulates PI turnover in vivo. Interest-
ingly, these receptors are probably expressed in micro-
Figure 6. Localization of CaSR-like Receptor Expression in thevillous olfactory neurons (see also Cao et al., 1998),
Goldfish Olfactory Epithelium
which morphologically resemble the sensory neurons
RNA in situ hybridizations were performed on tissue sections of
of the VNO. Both the VNO as well as fish olfactory micro- goldfish olfactory rosettes using 35S-labeled probes (A and B) or
villous neurons do not appear to express CNG channel digoxigenin-labeled probes (C±H). (A) is a darkfield micrograph;
alpha subunits (Berghard et al., 1996; Figure 6), which (C±H) are differential interference contrast (DIC) micrographs. (A)
and (B) show dark field and DIC views of the same tissue sectionare required for transducing odorant-evoked cAMP ele-
hybridized to a 35S-labeled probe for receptor 5.24. The hybridizationvations into membrane depolarization in mammalian cili-
signal is diffusely localized over the apical and medial olfactoryated olfactory neurons (Brunet et al., 1996). It remains
neuron layers (ON), but not over the basal cell layer (BC). Localization
to be determined how chemosensory stimuli are trans- with a digoxigenin-labeled receptor 5.24 antisense probe confirms
duced in the microvillous olfactory and VNO neurons. that a large fraction of cells express this mRNA (C), whereas hybrid-
ization to an adjacent tissue section with a receptor 5.24 sense
probe results in no specific signal (D). Receptor 5.3 is also expressed
in a large fraction of cells (E), whereas receptor 3.13 is localized inThe Family of CaSR-like Odorant Receptors
a more punctate pattern in 1%±5% of cells (G). The positions ofReceptor 5.24 shares sequence similarity to the CaSR,
receptor 5.24±, receptor 5.3±, and receptor 3.13±expressing cellsmGluR, and V2R receptor families (Nakanishi et al., 1990;
are more apical than those expressing the CNG channel (F) or a
Hebert and Brown, 1995; Herrada and Dulac, 1997; Mat- member of the receptor family initially identified by Buck and Axel
sunami and Buck, 1997; Ryba and Tirindelli, 1997). Addi- (1991) (H), suggesting that the goldfish olfactory CaSR-like receptors
tional CaSR-like receptors are also expressed in the are expressed in microvillous olfactory neurons (see the text). Arrow-
heads indicate the apical surfaces of these tissue sections. Scalegoldfish and fugu olfactory epithelium (Cao et al., 1998;
bar, 40 mm.Naito et al., 1998). Our results indicate that receptor
5.24 is a member of a multigene family of receptors
expressed by olfactory sensory neurons and, together
receptors, including the V2R receptors, may in fact func-with our biochemical characterization of this receptor,
tion to receive a wide variety of stimuli that includesprovide direct evidence that the family of olfactory
both pheromonal and nonpheromonal cues.CaSR-like receptors are in fact odorant receptors.
The mammalian V2R receptors have been proposed
to constitute a family of pheromone receptors (Herrada Odorant Receptor Tuning and Mechanisms
of Olfactory Discriminationand Dulac, 1997; Matsunami and Buck, 1997; Ryba and
Tirindelli, 1997). It should be noted, however, that the How is information about an odorant's identity encoded
by the vertebrate olfactory system? Cross-adaptationVNO receives both pheromonal as well as nonphero-
monal cues (Halpern, 1987). While the ligand specifici- analyses in catfish and zebrafish have revealed four
distinct but overlapping receptor sites or pathwaysties of the V2R receptors remain to be demonstrated,
our data clearly show that at least one member of the through which amino acid stimuli are transduced (Caprio
and Byrd, 1984; Michel and Derbidge, 1997). Similargoldfish receptor family, receptor 5.24, is an odorant
receptor that recognizes amino acids. Since amino acids studies in the goldfish olfactory system have revealed
a pathway preferentially tuned to basic amino acids (L.are not pheromones, the family of olfactory CaSR-like
Goldfish Odorant Receptors
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cells are sensitive to 0.01±10 mM L-serine (Nevitt and
Dittman, 1999). Similarly, single-unit recordings from the
catfish olfactory epithelium have shown that z40% of
the olfactory neurons respond to 100 mM L-arginine
(Kang and Caprio, 1995). Multiunit recordings from the
goldfish olfactory epithelium, where activity from ap-
proximately five cells was detected at each recording
site, also suggest that a large fraction of olfactory neu-
rons respond to arginine (25 out of 28 locations with
spontaneous activity responded 100 mM L-arginine), but
fewer appeared sensitive to pheromones (e.g., only 25
out of 65 locations responded to 0.1 mM 15-ketoprosta-
glandin F2a) (P. W. S. and J. Caprio, unpublished data).
Thus, the widespread expression of receptor 5.24 mRNA
in goldfish olfactory neurons is consistent with electro-
physiological recordings that independently suggestFigure 7. Localization of Receptor 5.24 Expression in a Nonolfac-
that a large fraction of fish olfactory neurons expresstory Epithelium
amino acid odorant receptors.RNA in situ hybridizations were performed on tissue sections of
goldfish gill rakers using a digoxigenin-labeled receptor 5.24 anti- How do patterns of odorant receptor expression dic-
sense probe. The gill rakers are nonrespiratory structures protruding tate the encoding of olfactory information? In one gener-
from the gill arches and are covered with an epithelium containing ally accepted model, individual odorant receptors are
both taste buds as well as solitary chemosensory cells. This figure
expressed in small fractions of olfactory neurons, such(a composite of two images) shows localization of receptor 5.24
that each cell expresses one or at most a few differentRNA in numerous cells in the epithelium, but not in the taste buds
receptors (Ngai et al., 1993a; Buck, 1996; Barth et al.,(arrows). Scale bar, 80 mm.
1997; but see Kang and Caprio, 1995). Thus, the system
may discriminate between odorants by discerning whichHanson and P. W. S., unpublished data). The receptive
neuron and, therefore, which specific receptor has beenfield properties of these pathways can be categorized
activated. While some of the goldfish olfactory CaSR-based on the molecular features of the amino acid side
like receptors are restricted to small subsets of cells inchainÐneutral short chain aliphatic, neutral long chain
the sensory epithelium, others, such as receptor 5.24aliphatic, acidic, and basic. However, like the properties
and receptor 5.3, are expressed more generally. Theseof receptor 5.24, the specificity of each pathway is
observations raise the possibility that individual neuronssomewhat broad; for example, neutral aliphatic amino
may indeed express multiple odorant receptors. Theacids interact weakly with the basic amino acid path-
olfactory system therefore may employ more complexway. Optical imaging of glomerular activity in zebrafish
cellular combinatorials than originally suggested by the(Friedrich and Korsching, 1997) have also revealed four
one receptor per cell model to identify activity frompathways or factors whose molecular specificities are
different individual receptors.quite similar to those identified by cross-adaptation
(Caprio and Byrd, 1984; Michel and Derbidge, 1997). It
Experimental Procedureshas been proposed that these factors are used in a
combinatorial strategy to identify individual amino acid Expression Cloning
odorants (Friedrich and Korsching, 1997). Thus, the A directional, oligo(dT)-primed cDNA library was constructed from
poly(A)1 RNA from adult male goldfish olfactory rosettes in theidentity of an amino acid odorant may be encoded by
pSPORT-1 plasmid (Life Technologies) using 59 SalI and 39 NotIthe degree to which it is represented by each factor.
restriction sites. Plasmid DNA was prepared from pools of 900±1000What are the molecular mechanisms underlying the
clones, linearized with NotI, purified, and used as template for in
representation of an odorant as information-encoding vitro transcription with T7 RNA polymerase. RNAs encoding G pro-
factors? It is remarkable that the goldfish odorant recep- tein and GIRK subunits were transcribed from cDNAs (cloned into
tor characterized in this study is tuned to respond prefer- pGEMHE; Liman et al., 1992) encoding Gaolf (Jones and Reed, 1989)
and the GIRK subunits Kir 3.1 (Reuveny et al., 1994) and Kir 3.4entially to basic amino acids in a manner comparable
(Ashford et al., 1994).to the receptive field properties of the basic amino acid
Forty nanograms of cRNA from each cDNA library pool (z40 pgpathway described for fish in vivo (Caprio and Byrd,
cRNA/clone) was injected per Xenopus oocyte, together with cRNAs
1984; Friedrich and Korsching, 1997; Michel and Der- encoding Gaolf and the GIRK subunits Kir 3.1 and Kir 3.4 (z30 pg
bidge, 1997). These observations are consistent with each). Injected oocytes were incubated at 178C for .80 hr prior
to electrophysiological recordings. Recordings were performed bythe hypothesis that a single odorant receptor (or a small
two-electrode voltage clamping at a holding potential of 280 mV.number of receptors with similar ligand specificities)
For trials involving GIRK, oocytes were first perfused with Na-MBSHunderlies the odorant receptive field properties of each
(88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3, 10 mM HEPES [pH 7.5],of the amino acid pathways observed in vivo. A direct 0.82 mM MgSO4[7 H2O], 0.33 mM Ca[NO3]2[4 H2O], 0.41 mM CaCl2[2
test of this model awaits the identification and charac- H2O]) and then switched into K-MBSH, which contains elevated K1
terization of other amino acid odorant receptors. (88 mM KCl, 1 mM NaCl) until the basal current had stabilized (z45
s) before challenging with agonist. All other recordings were per-
formed in Na-MBSH. Oocytes were screened with a cocktail ofPatterns of Odorant Receptor Expression and
L-amino acids containing serine, alanine, methionine, glutamate,Mechanisms of Olfactory Discrimination
glutamine, arginine, lysine, and histidine (50 mM each); a cocktail of
and Olfactory Sensitivity bile acids containing taurocholic acid, taurolithocholic acid sulfate,
Electrophysiological recordings from isolated salmon taurodeoxycholic acid, taurochenodeoxycholic acid, and glyco-
cholic acid (1 mM each); or a cocktail of prostaglandins and sexolfactory neurons have demonstrated that z60% of the
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steroids containing prostaglandin F2a, 15-ketoprostaglandin F2a (100 acids and incubated for 3 hr in amino acid-free media to allow for
recovery from potential desensitization of receptors or downstreamnM each), 17,20 b-dihydroxy-4-pregnen-3-one, and 17,20 b-dihy-
signaling pathways. For IP3 assays, cells were washed once withdroxy-4-pregnen-3-one sulfate (10 nM each). The concentrations of
PBS, preincubated for 15 min in PBS containing 10 mM LiCl, andindividual odorants in each cocktail are 100- to 1000-fold higher
then exposed to odorants in 400 ml PBS/10 mM LiCl for 30 min.than those required to elicit half-maximal physiological responses
IP3 levels were determined by a radioreceptor competition assayin vivo (Sorensen et al., 1987, 1988; L. Hanson and P. W. S., unpub-
(Dupont NEN). For cAMP measurements, after the 3 hr amino acid-lished data).
free preincubation, cells were washed once with PBS, preincubatedDNA sequencing was carried out with a Pharmacia AlfExpress
for 15 min in PBS containing 0.5 mM IBMX, and exposed to odorantssequencer. Sequences were analyzed using MacVector and PAUP
in 400 ml PBS/0.5 mM IBMX for 30 min. cAMP levels were determinedsoftware.
by radioimmunoassay (DuPont NEN).
Mammalian Cell Culture and DNA Transfections PCR
Receptor 5.24 cDNA insert was subcloned into two expression vec- PCR was performed to identify additional CaSR-like receptor
tors: CMVI, which utilizes a human cytomegalovirus (CMV) immedi- cDNAs. Three degenerate oligonucleotide primers were designed
ate early promoter-enhancer plus the CMV intron A sequence to based on an alignment of receptor 5.24 with mGluR, CaSR, and
drive expression (J. N., unpublished data), and 608RX-2.2L (H. Am- V2R sequences: primer A: NTGGA(A/C)(C/T)TGG(A/G)TNGG (amino
rein, personal communication), which is similar to CMVI except the acids 211±215 in receptor 5.24); primer B: (A/G)CAN(A/T)C(A/G)(A/T)
cDNA insert is followed by an internal ribosome entry site (IRES)± A(A/G)CA(A/G)CA (amino acids 518±514 in receptor 5.24); primer C:
enhanced green fluorescent protein (EGFP) coding sequence; (A/G)AA(C/T)TTNGC(C/T)TC(A/G)TT(A/G)(T/A)A (amino acids 755±
608RX-2.2L also contains a puromycin resistance gene. For tran- 751 in receptor 5.24).
sient assays, HEK 293 cells expressing the SV40 large T antigen Nested PCR was performed on DNA from plasmid library pools
(293 TSA cells; T. Livelli, personal communication) were transfected (z20,000 clones/pool) using a 59 T7 primer with primer C. Primary
with the CMVI-receptor 5.24 or CMVI control plasmid using lipofec- PCR reactions were separated on an agarose gel, and products
tamine (Life Technologies). For stable cell lines, 293-TSA cells were between 1±4 kb were excised, eluted, and used as template for a
transfected with the 608RX-2.2L-receptor 5.24 plasmid or a control secondary PCR reaction using primer A and primer B. Secondary
PCR products were electrophoresed on an agarose gel, and frag-608RX-2.2L plasmid and selected in puromycin. Colonies showing
ments of z1 kb were subcloned and sequenced. Screening of thehigh levels of EGFP fluorescence were picked, expanded, and
goldfish olfactory cDNA library with cloned PCR inserts as well asscreened for [3H]L-arginine binding (see below). In five independent
receptor 5.24 revealed that these receptor RNAs are expressed atreceptor 5.24±transfected stable cell lines, receptor densities (Rt)
roughly equivalent levels (each sequence is represented at betweenvaried between 0.5 and 6.0 pmol L-arginine binding sites/mg mem-
1 in z100,000 clones [receptors 5.24 and 5.3] to 1 in z600,000brane protein. In four independent 608RX-2.2L-transfected control
clones [receptor 10.8]).cell lines, EGFP expression was comparable to receptor 5.24±trans-
fected cells, but L-arginine binding was indistinguishable from un-
RNA Blots and In Situ Hybridizationstransfected cells (Rt 5 0.01±0.03 pmol/mg). All competition binding
The distribution of receptor 5.24 mRNA in goldfish tissues was deter-assays and signal transduction studies were performed using the
mined by RNA blot analysis, using 32P-labeled antisense RNAs asstable cell line 5.24±20 (Rt 5 2.0 pmol/mg) and a control cell line
probes at high stringency (Ambion). Blots were probed with a 600(2.2±9) stably transfected with vector alone (Rt 5 0.03 pmol/mg).
nt RNA probe corresponding to amino acids 389±600 of receptor
5.24. Since the full-length receptor 5.24 cDNA appears to recognize
Ligand Binding Assays a single gene in genomic DNA blots (data not shown), and sequences
Membranes for ligand binding assays were prepared by washing encoding this region comprise the most divergent portion of this
confluent cells three times with phosphate-buffered saline (PBS), class of receptors, this probe most likely is entirely specific for
dissociating cells nonenzymatically, and resuspending cells in ice- receptor 5.24 RNA under stringent hybridization conditions. As a
cold 5.0 mM HEPES (pH 7.4), 1.0 mM EDTA, 1.0 mg/ml leupeptin, control, blots were subsequently hybridized to a goldfish b-actin
and 0.5 mM PMSF. All subsequent manipulations were performed probe.
on ice. After a 30 min incubation, the cell suspension was homoge- RNA in situ hybridizations were performed on 20 mm thick fresh
nized and centrifuged at 100,000 3 g for 30 min. Cell membrane frozen tissue sections, essentially as described (Barth et al., 1996,
pellets were washed twice by resuspension and centrifugation in 1997). Slides were hybridized with 35S-labeled (107 cpm/ml) or digoxi-
binding buffer (20 mM HEPES [pH 7.4], 1.0 mM EDTA, 2.0 mM MgCl2, genin-labeled (1 mg/ml) probes at 608C±658C and washed in 0.23
SSC at 658C. Slides hybridized with 35S probes were additionally1.0 mg/ml leupeptin, 0.5 mM PMSF), resuspended in binding buffer,
treated with 20 mg/ml RNase A, rewashed in 0.23 SSC at 658C,and frozen at 2808C.
dehydrated, dipped in Kodak NTB-2 emulsion, exposed for 14±28Saturation binding assays were performed using 20±25 mg of
days at 48C, developed, and counterstained with toluidine blue.membrane protein in a final volume of 100 ml binding buffer and
Digoxigenin-labeled probes were visualized with an alkaline phos-increasing concentrations of [2,3±3H]L-arginine (specific activity 5
phatase-conjugated anti-digoxigenin antibody and chromogenic40 Ci/mmol). Nonspecific binding was measured in the presence of
development in NBT/BCIP.500 mM unlabeled L-arginine. Competition assays were performed
For receptor 5.24 localization, a z1.8 kb PstI fragment corre-with 500 nM [2,3±3H]L-arginine and increasing concentrations of
sponding to the first 600 amino acids of the full-length receptor wascompetitor ligands. All incubations were performed at 48C for 60
subcloned into pBluescript and used for in vitro transcription of 35S-min and terminated by rapid filtration through Whatman GF/C filters
and digoxigenin labeled RNA probes. Digoxigenin-labeled probespretreated with ice cold 0.1% polyethyleneimine. Filters were
for receptors 3.13 and 5.3 were synthesized from the cloned z1 kbwashed three times with ice cold 20 mM HEPES (pH 7.4) and retained
PCR inserts derived from these receptor's N-terminal domains. Toradioactivity was measured by scintillation counting. All experiments
identify members of the receptor family initially identified by Buckwere performed in triplicate and repeated at least once. The concen-
and Axel (1991), degenerate reverse transcription PCR was carried
tration of competitor that caused 50% inhibition of [3H]L-arginine
out on goldfish olfactory RNA, as described previously (Barth et al.,
binding (IC50) was determined by nonlinear curve fitting; inhibition 1996). One clone, D1/113±6, was used to synthesize digoxigenin-
constants were calculated according to the equation Ki 5 (IC50)/ labeled RNA probes. Cells expressing the olfactory CNG channel
(1 1 [3H]arginine/KD). were localized with a digoxigenin-labeled probe synthesized from
a z2.5 kb full-length zebrafish cDNA (N. Justice, A. Barth, and J. N.,
IP3 and cAMP Assays unpublished data; see Barth et al., 1996).
Cell lines 5.24±20 and 2.2±9 (negative control) were plated at 3.5 3
105 cells/well in 24-well plates and incubated overnight in DMEM 1 Acknowledgments
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